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Abstract

This paper analyzes the influence of the load parasitics on the conducted electromagnetic emissions, especially on their
common mode component. The analyses have been performed on a BLDC motor driver, switched with bipolar PWM. According
to the final installation of both the electronic module and the load, the prescribed test setup for the electromagnetic interference
(EMI) measurements can vary. This modifies the parasitic element values and it can even worsen the emission level, when the
load chassis is connected to the reference plane. In this paper, the effect of the load parasitic elements on the conducted emission
is analyzed in details, and an equivalent model is derived and verified by simulation. Moreover, such simulations proved that the
delay compensation technique can be used to counteract the EMI increase due to the load parasitics.

Index Terms

Conducted Emissions, common mode, load parasitics, BLDC.

I. INTRODUCTION

Nowadays, the electromagnetic compatibility of an electronic system with the surrounding environment, it is of fundamental
importance. Modern electronic systems are usually equipped with power switching modules. Among them, the inverters used to
drive permanent magnet motors, like the brushless DC ones, are widespread, especially in automotive field. The reason because
this kind of motors is widely used, resides in their reliability and in their high power density [1]. Such motors are driven by a
three-phase inverter, which is switched using pulse width modulation (PWM) in order to obtain the three trapezoidal driving
waveforms.

The electromagnetic emissions, for the automotive modules, are regulated by the CISPR25 standard [2], which defines the
test setup and it indicates the emission limits for both conducted and radiated emissions. Considering the conducted ones,
and in particular their common mode (CM) component, these emissions are due mainly to the rising and falling edges of
the inverter output voltages. The CM is caused by the disturbance current that propagates through the parasitic capacitances
between the high dv/dt switching nodes and conductive plane, on which the electronic system is placed above during the
emission measurement. The spectral component magnitude of such emissions depends on the shape of the output voltages and
on the impedance present between the switching nodes and the reference plane [3]. To such impedance contribute both the
parasitic capacitances referred to the inverter output nodes and the parasitic elements of the load [4], [5].

According to the standard and to the load installation in the final application, the load chassis can be either isolated from
the reference plane or connected to it. This connection usually leads to increased CM emission, since the parasitic capacitance
of the load is much greater with respect to the one of the inverter outputs. In order to reduce the emission several techniques
can be used, with hardware [6]-[9] or software [10]-[13] approaches.

A possible solution to mitigate the EMI can be employed when the output voltages are switched by bipolar PWM. If the
rising and falling edges of the output voltages are synchronized, no current flows back to the measurement instruments, since
it recirculates locally through the parasitic capacitances. This is true if the output voltages are really complementary, and
since it usually does not happen, because of delays in the propagation of the gating signals, the recently investigated delay
compensation approach can be employed [14]. This compensation is performed using software, tightly modifying the PWM
parameters.

This paper aims to analyze, and to verify by simulation, the influence of the load parasitics on the CM EMI spectrum, when
the delay compensation technique is used. This has been pursued with an accurate model of the CM EMI, presented in Section
2, and a model of the load parasitics influence on the emission spectrum, investigated in Section 3. The simulations proving
the accuracy of the model are reported in Section 4. The conclusions are drawn in Section 5.
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Fig. 1. Three-phase inverter circuit.
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Fig. 2. Bipolar PWM: output waveforms and voltage on the load (Vi,0ap = Viy — V).

II. CM CcONDUCTED EMI OF BIPOLAR SWITCHED CIRCUITS

Among the switching circuits, the three-phase inverter is widely used in automotive field, and it can be employed to drive
BLDC motors. This circuit is shown in Fig. 1. The BLDC motors are driven by six-step control. In each one of the six steps,
only two out of three inverter outputs are modulated, while the third is left floating.

The three-phase inverter is supplied by a DC voltage source, Vpg, generated by a battery. The power supply is provided to
the inverter through two LISNs, as prescribed in CISPR25 standard [2] for remotely grounded equipment.

Focusing on the inverter, each leg is composed of two n-MOS switches, whose gate terminal is controlled by a dual input-dual
output gate driver. The output nodes of the inverter, U, V and W, provide the control waveforms to the BLDC motor.

The couple of active outputs in each step can be driven with different PWM strategies, but the bipolar PWM has been
proven to be useful in reducing the common mode EMI [14]. An example of the output waveforms and their respective
average voltages, for the control step in which the U and V outputs are active, is reported in Fig. 2.

Using the bipolar PWM, a positive average voltage is obtained using a duty cycle D greater than 0.5, while the negative
one is obtained driving the other leg with complementary duty cycle, i.e. (1 — D) < 0.5. Therefore, the voltage on the load,
ViLoap = Vu — V&, could reach values from —Vpg to Vpg. In the following section, the contributions to the CM conducted
emission are analyzed.

A. Analytical model of CM conducted EMI

Considering only the CM emissions, the equivalent circuit of the BLDC driver connected to the LISNs is shown in Fig. 3.
For CM analysis, the two power supply nodes are connected together and the output voltages are modeled as a trapezoidal
waveform voltage sources. Considering the step in which the U and V outputs are active, these generators, Vyy and V5, drive
the output parasitic capacitances Cpy and Cpy, respectively. The LISNs can be modeled, for the CM case, as an impedance
ZLISN =25Q.

In order to simplify the following analyses, the duty cycle D is fixed to 0.5. The same results can be drawn with other
values of D.

The Fourier series of the outputs trapezoidal signal is expressed as [3]:

u(t) = Z V (jnwg)el ™ot (1)

n=—oo
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Fig. 3. Common mode equivalent circuit.
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Fig. 4. Gate signals.

Since the two voltages Vi and Vi, are complementary, they can be written as:
Vu(jnwo) = V (jnwo), )
W (jnwo) = V(jnwo) - e~ inwo(3) 3)

The major contributor to the CM emissions when a bipolar PWM is used, is the delay present between the active output
waveforms. For this analysis, let’s assume that the parasitic capacitances mismatch and transition time mismatch are null. In
general, the output waveforms are not complementary one another since some delay due to the propagation of the gating signals
from the microcontroller to the MOSFETSs gates can be present. Among the causes of such a delay, the one introduced by the
gate drivers is most relevant. Indeed, the commercial gate drivers are characterized by an input-output delay which could vary
from tens to hundred of nanoseconds.

From these considerations, it is possible to evaluate how the analytical model for the CM emissions is influenced by the
delay. Thus, the voltage generators at U and V nodes can be expressed as:

Vu(jnwo) =V (jnwo) 4)
Vy (jnwo) = V (jnwy) - e 7m0l +7a) Q)
where V' (jnwg) is the Fourier series of the trapezoidal waveform and 74 is the output delay, as presented previously and shown
in Fig. 4.
The voltage at the LISNs CM output Vo (jnwg) can be evaluated with the superposition of the effect of Vy and Vy:
Vem(jnwo) =V (jnwo) - D(jnwo) - H(jnwo) =
JjnwoRCp (6)
1+ QjHWQRCp

where Cpy = Cpy = Cp and R = Zp1gn. It is possible to evaluate the contribution of 74 on the CM emission, computing
the magnitude of D(jnwy) = (1 + e~ im«o(Z+7a));

V(jnwo) - (1 + e imwo(GH7a)y.

ID(jnw)| = |(1 4+ e~ Fm«o(z+7))| = | /2 =2 cos(nwoTq) 7)

This term present a maximum magnitude equal to 2. When 74 tends to 0, D(jnwg) tends to zero too and Ve (jnwo)
contribution on the emissions is canceled. Actually, other common mode contributions, like the asymmetries between the
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Fig. 5. CM voltage spectrum. The continuous line is derived with a time delay 74 present between the output waveforms. When the delay is reduced from
T4 to 7} the spectrum is modified as the dashed line indicates.
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Fig. 6. High frequency model of a BLDC motor.

output waveforms, prevent it from happening. The D contribution can be approximated with its Taylor expansion. Therefore,
the envelope of | D(jnwy)| for low frequencies has a slope of +20dB/dec, while for higher frequencies it gives an oscillating
contribution, whose maximum is equal to 6 dB. The corner frequency for this contribution can be found at f,q = 1/(77q).

The |Voum (jnwo)| Bode diagram is shown in Fig. 5. The location of poles and zeros may change according to the waveform
parameters values, i.e. rise-falling time, duty cycle, 74, etc. In such figure it is possible to see that, if the delay 74 is reduced,
the low frequency spectrum of the CM emissions is lowered.

The previous analysis does not take into account the parasitic elements of the load, which may contribute to the CM
conducted emission. In the following section such contribution is modeled.

III. INFLUENCE OF THE LOAD PARASITICS

As shown in the previous section, the CM emission magnitude depends on the impedance present between the inverter
output nodes and the LISNs. The parasitics of the load can modify significantly such an impedance. In particular, the load
parasitic capacitances present between the load terminals and its chassis and the inductance of the interconnection cables can
influence the magnitude of the CM conducted EMI. In order to evaluate the contributions to the CM conducted emissions of the
BLDC parasitics, an high frequency model of the load, i.e. the BLDC motor, is needed [15], which in the conducted emission
frequency range can be simplified as shown in Fig. 6. In this circuit, the main parasitics are present: the cable inductance
L, the stator to chassis capacitance Cs, the interwinding capacitance of each phase Cp,, and the phase inductance Lyy,. The
circuit that models the CM propagation path is shown in Fig. 7, where Vaw = V (jnwg) - D(jnwg). Since the phase inductance
Ly, is usually high, it can be considered as an open circuit for the high frequency model.

When the load is well isolated from the reference plane, it is possible to conclude that the parasitic capacitance Cg can
be neglected, since it presents a small and negligible value with respect to Cp. Therefore, the equivalent circuit for the CM
propagation path is the one shown in the previous section, where only the parasitic capacitances Cp, referred to the output
nodes of the driver, are considered.
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Fig. 7. CM propagation path considering the load parasitics.
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Fig. 8. Influence of the load parasitics on the transfer function H. The dashed dotted line is referred to the original case, in which the load parasitics can be
neglected.
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Fig. 9. Spectral envelope considering the load parasitic elements. When the load chassis is connected to the reference plane, the spectrum is increased as the
dashed-dotted line indicates.

Instead, if the load chassis is connected to the reference plane, the load parasitics elements of the two active phases that
have a major influence on the the CM disturbance propagation are the cable inductance L¢/2 and total load capacitance Ct
comprising the winding-to-chassis capacitance 2C's, in parallel to a lower value capacitance, which is made of the interwinding
capacitance and the one referred to the floating output:

2
Cr =2Cs + g(fpw & Cq (8)

These two elements influence the CM spectra introducing two resonances: a series resonance between the cable inductance
and the parasitic capacitance Ct, which generates a couple of complex conjugate poles, and a parallel one between the cable
inductance and the harmonic sum of the two parasitic capacitances Ct and Cp, which gives rise to a couple of complex
conjugate zeros. Therefore, the common mode propagation path, with the addition of the load parasitic elements, it is slightly
modified. In Fig. 8 it is reported how the transfer function H is influenced by the load parasitics.

From the figure it can be seen that the parasitic capacitance of the load leads to an increased CM emission in the lower
frequency range. This behavior is shown in Fig. 9.

The common mode emissions in the lower part of the spectrum are increased by the ratio between the total parasitic
capacitance 2Cp + C't and the isolated case parasitic capacitance 2Cp.

Since it has been proven in [14] that a tight alignment of the output edges provides a reduction of the common mode
emission, especially in the lower frequency range, the delay compensation can be used to counteract the effect of the load
parasitics. In the following Section the analytical considerations made before are compared with SPICE simulations.
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Fig. 10. Simulated schematic. The box BS represents the bootstrap circuit for the high-side MOS.
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Fig. 11. Common mode emission spectrum, derived from simulation, and analytical spectral envelope. Motor chassis connected to the reference plane and
Tq ~ 100ns.
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Fig. 12. Common mode emission spectrum, derived from simulation, and analytical spectral envelope. Motor chassis isolated and 74 &~ 100 ns.

IV. SIMULATION

The previous analysis has been verified by Spice simulations. Since only two out of three legs are active at a time, the three
phase inverter can be simplified as a full bridge inverter. Moreover, the floating phase of the load can be modeled with its
parasitic capacitances, since the inductance L, can be considered as an open circuit for the high frequency. The simulated
inverter together with the load are shown in Fig. 10 and the parameter values are reported in Tab. IV. The nMOS switches
model is provided by the manufacturer and the motor model values have been derived from measurements.

The simulated cases were related to two cases, representing two conditions for the load chassis connection to the reference
plane: isolated and connected. In both cases, the output delay was set equal to 7q ~ 100ns. In order to evaluate the influence
of the delay on the spectrum, with the presence of the load parasitics, a third simulation was performed, with 74 ~ Ons and
with the chassis connected to the reference plane. The simulations were performed, according to CISPR2S5, in the extended
conducted emission frequency range, i.e. from 150kHz to 108 MHz.

The results of the simulations, in which the delay is fixed at 100 ns and the chassis isolation is varied, are shown in Figs. 11
and 12. It can be seen that if the load chassis is not connected to the reference plane, the emissions are significantly reduced in
the lower frequency range. On the same axes, the analytical model for the emission derived in the previous section is reported.
It can be seen that it approximates well the behavior of the simulated spectra in the whole conducted emission frequency
range. Comparing these two results, it is possible to see that, in the low frequency range, the ration between the two cases is
coherent to the one predicted in Fig. 9.

According to the test setup, it is not always admitted to isolate the load from the reference plane. In these cases the emissions
can be mitigated employing an EMI reduction technique, like the delay compensation one. This technique is able to reduce



TABLE I
SIMULATION PARAMETER VALUES

Parameter  Value Parameter Value
Vps 12V Rg 33Q
CIN 4.7mF Csn 4.7nF
Ly 20nH Rsn 39Q
Ry 60 mQ2 Cp 10 uF
Lps 50nH Lpa 10nH
Cpu 6 pF Rpa 60 mS2
CPV 6pF Cs 43pF / lpF
Cow 9pF Lpw 45 uH
Ry 9mS2 L¢c 330nH

IVyl [9B1V]

0.1 1 10 100
Frequency [MHz)

Fig. 13. Common mode emission spectrum, derived from simulation, and analytical spectral envelope. Motor chassis connected to the reference plane and
T4 =~ Ons.

the CM EMI especially in the lower frequency range. The application of this technique to the not isolated case results in the
spectrum reported in Fig. 13. It is possible to see that also in this case the model fits well the simulation results. Moreover,
the emission level in this case is comparable to the one of the isolated case. This is obtained acting by software on the PWM
parameters.

V. CONCLUSION

In this paper, the influence of the load parasitics on the CM conducted emission has been analyzed. A model of the CM
EMI, when a bipolar PWM is used, has been derived considering also the load parasitics. From such a model, it turned out that
the load cable inductances and the parasitic capacitances referred to the load chassis are the main contributors to the increase
of the CM EMI. This model has been verified by simulation considering two cases: the first, where the load chassis is isolated
from the reference plane and the second in which the chassis is connected to it. In the latter case, it has been verified that the
emissions are increased proportionally to the ratio between the total parasitic capacitance of the non-isolated case and the one
of the isolated case. The increment of the CM EMI level, due to the load parasitic effect, can be mitigated using the delay
compensation technique. Indeed, it has been shown by simulation that the alignment of the output voltages reduces the EMI
to a level which is comparable to the load isolated case.
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